The aim of this work was to compare the molecular properties of pyrophosphate:fructose 6-phosphate 1-phosphotransferase (PFP) and ATP:fructose 6-phosphate 1-phosphotransferase (PFK). Both enzymes were purified to apparent homogeneity from potato tubers (Solanum tuberosum cv Record). Neither PFP nor PFK preparations contained detectable activity of the other enzyme. PFP was composed of two polypeptides of apparent molecular weight 58,000 and 55,700 whereas PFK contained four polypeptides of apparent molecular weight between 46,300 and 53,300. Chemical cleavage of individual PFP and PFK polypeptides gave a different set of fragments for each polypeptide. On Western blots antisera against PFP failed to cross-react with any of the four PFK polypeptides, and antibodies against PFK failed to bind to either of the PFP polypeptides. Antibodies that immunoprecipitate PFP activity had no effect on PFK activity. Conversely, antibodies against the four PFK polypeptides precipitated the activity of PFK, but not that of PFP. This work shows that potato tuber PFP and PFK are composed of distinct, unrelated polypeptides and indicate that interconversion between PFP and PFK is unlikely.
The conversion of fructose 6-P to fructose 1,6-bisP is an important regulated step of glycolysis. This reaction can be catalyzed by two distinct enzyme activities, PFK2 and PFP, for which the phosphoryl donors are ATP and PPi, respectively. Many higher plants contain significant amounts of both activities (2, 9, 16) , but their relative importance in glycolysis is unknown (1, 24) .
Balogh et al. (4) have proposed that PFK and PFP can be reversibly interconverted by appropriate metabolites. The apparent conversion of PFK to PFP is mediated by UDPglucose, whereas the reconversion of PFP to PFK is promoted by fructose 2,6-bisP. In preliminary reports they suggest that these interconversions occur in extracts from a range of tissues, and that such changes contribute to the regulation of glycolysis by varying the proportions of PFK and PFP in vivo (3, 25) .
The evidence for the above interconversions has been criticized, and the kinetic data have been reinterpreted as indicating that PFK and PFP are separate, distinct enzymes that are differentially activated by the effector metabolites (11 Enzyme Purification. PFK was purified over 15,000-fold to a specific activity of about 200 ,umol-min-'1mg-1 protein using a combination of ion-exchange, dye-ligand, and affinity chromatography as described elsewhere (8) . PFP was purified to apparent homogeneity as described previously (14) .
Enzyme Assays. PFK and PFP were measured spectrophotometrically as described previously (16) . All assays were carried out at 25°C in a total volume of 1 ml. Ammonium sulfate was removed from auxiliary enzymes before use. The PFK assay contained 100 mm Tris-HC1 (pH 8.0), 5 mM MgCl2, 5 mM fructose 6-P, 1 mm ATP, 0.1 mm NADH, 1 IU aldolase, 10 IU triosephosphate isomerase, 1.2 IU glycerol 3-P dehydrogenase. Assay conditions for PFP were the same as those for PFK except that 1 mM MgCl2 was present,-0.2 mm PPi replaced ATP and Electrophoresis. Polypeptides were separated by SDS-PAGE in the presence of 4 M urea using the system described by Laemmli (17 (21) , N-chlorosuccinimide (19) , or hydroxylamine (18) . After cleavage, the peptide fragments were separated by SDS-PAGE and visualized by silver staining (20) .
Immunochemical Techniques. Antibodies against PFK and PFP were raised in New Zealand white rabbits as described previously (8, 14) . Immunoglobulin G was purified by affinity chromatography on protein A-Sepharose (15) . Electroblotting and Immunodetection of Proteins. Polypeptides were separated by SDS-PAGE and electroblotted onto nitrocellulose (50 V for 3 h, Bio-Rad Trans-Blot cell) as described by Burnette (7) . The resulting blot was probed with up to 0.2 ml antiserum in 50 ml PBS (150 mm NaCl, 10 mM NaH2PO4 adjusted to pH 7.2 using NaOH) containing 8% (w/v) BSA for 12 h, and then washed thoroughly with PBS. Bound antibodies were detected by incubating the nitrocellulose with 5 ,g protein A-alkaline phosphatase conjugate in 50 ml PBS containing 4% (w/v) BSA for 2 h. The nitrocellulose was washed exhaustively with 1% (v/v) Triton X-100 in phosphate buffered saline and then rinsed with 100 mm diethanolamine-HCl buffer (pH 9.8).
Alkaline phosphatase activity was detected using 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium (5) .
Immunoprecipitation of Enzyme Activity. Potato tuber was homogenized in 1 (Fig. 1) . The PFK preparation contains four polypeptides (PFKa d) of apparent mol wt 46,300, 49,500, 50,000, and 53,300. Evidence that all four of these polypeptides are associated with PFK activity will be presented in a separate publication. In contrast, PFP is composed of two polypeptides (a and f3) of apparent mol wt 58,800 and 55,700 (14) . Neither of these preparations contained detectable activity of the opposite enzyme. We stress that both preparations were obtained from the same batch of tubers which was grown and stored under uniform conditions. Other preparations of PFK and PFP have yielded essentially identical results. The mol wt of PFPa, and PFP, we have determined in the presence of urea are lower than those reported previously for this enzyme using conventional SDS-PAGE (14) . Such differences in the relative migration of polypeptides in the presence and absence of urea are well established (22) and have also been observed with potato tuber PFK (8) .
Since PFK and PFP were purified using separate procedures, we investigated whether differential proteolysis in the two protocols could account for the mol wt differences between the two~~~~w enzymes. Partial chemical cleavage of each polypeptide using cyanogen bromide and chlorosuccinimide produced unique sets of peptide fragments (Fig. 2) . Under the conditions used, these chemicals selectively cleave Met-X and Trp-X bonds, respectively (19, 21) . Similarly, treatment of the polypeptides with hydroxylamine, which hydrolyzes Asn-Gly bonds (18) , differentially cleaved PFP, and PFP,, but failed to cut any of the PFK polypeptides. Specific amino-or carboxyl-terminal proteolysis of the peptides during enzyme purification could not readily account for the differences in the patterns of cleavage fragments derived from PFK and PFP.
Despite differences in the distribution of specific amino acids, PFK and PFP polypeptides could contain extensive regions of homology. To test this we have investigated the immunochemical relationship between the two enzymes. The polypeptides in purified PFK and PFP were resolved by SDS-PAGE, electroblotted onto nitrocellulose, and then probed with a mixture of antibodies raised against PFKa-C. In combination these antisera recognize all four PFK polypeptides (8) . Two replicate nitrocellulose filters were challenged separately with antibodies against PFPG and PFP,. The antisera each reacted strongly with their corresponding immunogens, but failed to recognise polypeptides present in the alternative enzyme (Fig. 3) .
In complementary experiments we investigated the relationship between PFK and PFP in their native conformation by testing the ability of antibodies to precipitate enzyme activity in the presence of insoluble protein A. A combination of antibodies against PFKaC are known to precipitate all four forms of PFK identified in potato tuber (8) . Such a mixture removed substantial PFK activity from a crude extract of potato tubers, but had no PPi AND ATP DEPENDENT PHOSPHOFRUCTOKINASE FROM POTATO TUBER effect on PFP activity (Fig. 4) . Correspondingly, anti-PFPa and anti-PFP,, precipitated the activity of PFP, but not that of PFK.
As observed previously in a partially purified preparation (14) , anti-PFP, was more effective than anti-PFPa at removing PFP activity from the crude potato extract.
Despite the similarity of the reactions catalyzed by PFK and PFP, the above results indicate that the two enzymes are composed of separate, distinct polypeptides. The PFK and PFP polypeptides clearly differ in mol wt and each yields a different pattern of peptide fragments after chemical cleavage. In addition, these polypeptides are immunologically unrelated both in their native conformation and when denatured. Limited data suggest that PFK and PFP from endosperm of developing castor bean, the only other tissue to have been investigated, are also probably unrelated (10) . Antibodies raised against castor bean leucoplast PFK can immunoprecipitate both cytoplasm and plastid forms of PFK, but do not affect PFP. Conversely, antibodies against potato tuber PFP can precipitate endosperm PFP activity, but have no effect on the corresponding PFK.
These results provide compelling evidence that PFK and PFP in higher plants are independent enzymes and are not interconvertible. In combination with earlier reports (11) (12) (13) 
